ery and therefore the deviation from normal was greater for early than late PE for all four biomarkers. Screening by maternal characteristics, biophysical and biochemical markers detected 96% of cases of PE requiring delivery before 34 weeks and 54% of all cases of PE at a fixed false-positive rate of 10%. Conclusions: A new model has been developed for effective first-trimester screening for PE.
Introduction
Preeclampsia (PE), which affects about 2% of pregnancies, is a major cause of maternal and perinatal morbidity and mortality [1] [2] [3] . The prevalence of PE can potentially be halved by a strategy of early identification of the high-risk group and the prophylactic use of aspirin [4] [5] [6] . Algorithms combining maternal demographic characteristics and medical and obstetric history with biophysical and biochemical markers at 11-13 weeks' gestation have been developed for the prediction of early or late PE on the basis of whether or not delivery occurs before 34 weeks' gestation [7, 8] . However, we have re-
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First-trimester screening ؒ Preeclampsia ؒ Uterine artery Doppler ؒ Mean arterial pressure ؒ Placental growth factor ؒ Pyramid of pregnancy care Abstract Objective: To develop models for prediction of preeclampsia (PE) based on maternal characteristics, biophysical and biochemical markers at 11-13 weeks' gestation in which the gestation at the time of delivery for PE is treated as a continuous variable. Methods: This was a screening study of singleton pregnancies at 11-13 weeks including 1,426 (2.4%) that subsequently developed PE and 57,458 that were unaffected by PE. We developed a survival time model for the time of delivery for PE in which Bayes' theorem was used to combine the prior information from maternal characteristics with uterine artery pulsatility index (PI), mean arterial pressure (MAP), serum pregnancy-associated plasma protein-A (PAPP-A) and placental growth factor (PLGF) multiple of the median (MoM) values. Results: In pregnancies with PE, there was a linear correlation between MoM values of uterine artery PI, MAP, PAPP-A and PLGF with gestational age at deliv-cently proposed that early and late-PE are not two different diseases, but rather that PE is a spectrum disorder, the degree of which is reflected in both gestation at the time of delivery and the biomarker levels [9] . In the new approach to screening for PE, gestation at the time of delivery for PE is treated as a continuous rather than categorical variable. This approach, which is based on a survival time model, assumes that if the pregnancy was to continue indefinitely, all women would develop PE and whether they do so or not before a specified gestational age depends on a competition between delivery before or after development of PE. The effect of variables from maternal characteristics and history and biomarkers is to modify the mean of the distribution of gestational age at delivery with PE, so that in pregnancies at low risk for PE the gestational age distribution is shifted to the right with the implication that in most pregnancies delivery will actually occur before the development of PE. In high-risk pregnancies the distribution is shifted to the left, and smaller mean gestational age increases the risk for PE.
In our first study we illustrated the new approach to screening by combining maternal characteristics and history with uterine artery pulsatility index (PI) and mean arterial pressure (MAP) at 11-13 weeks' gestation. The objective of this study is to extend the model by including the biochemical markers of serum pregnancy-associated plasma protein-A (PAPP-A) and placental growth factor (PLGF).
Methods

Study Population
The data for this study were derived from prospective screening for adverse obstetric outcomes in women attending for their routine first hospital visit in pregnancy at University College Hospital, King's College Hospital and Medway Maritime Hospital, UK. In this visit, which is held at 11 +0 to 13 +6 weeks of gestation, we record maternal characteristics and medical history and perform combined screening for aneuploidies by measurement of the fetal crown-rump length and nuchal translucency thickness, and maternal serum PAPP-A and free ␤ -hCG [10, 11] . The women were screened between March 2006 and September 2010. In the second part of the study period we also measured the maternal MAP by automated devices [12] ; used transabdominal color Dopp ler ultrasound to visualize the left and right uterine artery, measure the PI in each vessel and calculate the mean PI [13] ; and measured serum PLGF (DELFIA Xpress system, PerkinElmer Life and Analytical Sciences, Waltham, Mass., USA) [14] . Written informed consent was obtained from the women agreeing to participate in the study, which was approved by the appropriate Hospital Ethics Committee.
The inclusion criteria for this study on screening for PE were singleton pregnancy undergoing first-trimester combined screening for aneuploidy and subsequently delivering a phenotypically normal live birth or stillbirth at or after 24 weeks' gestation. We excluded pregnancies with aneuploidies and major fetal abnormalities, and those ending in termination, miscarriage or fetal death before 24 weeks of gestation and pregnancies delivering small for gestational age neonates in the absence of PE.
In this study we developed a model for predicting PE based on maternal characteristics in the study population. We then expanded this model for prediction of PE to include the addition of uterine artery PI, MAP, serum PAPP-A and PLGF.
Maternal History and Characteristics
Patients were asked to complete a questionnaire on maternal age, racial origin (Caucasian, Afro-Caribbean, South Asian, East Asian and mixed), method of conception (spontaneous or assisted conception requiring the use of ovulation drugs), cigarette smoking during pregnancy (yes or no), history of chronic hypertension (yes or no), history of type 1 or 2 diabetes mellitus (yes or no), history of systemic lupus erythematosus or antiphospholipid syndrome (yes or no), family history of PE in the mother of the patient (yes or no), and obstetric history including parity (parous or nulliparous if no previous pregnancies at or after 24 weeks) and previous pregnancy with PE (yes or no). The questionnaire was then reviewed by a doctor together with the patient and the maternal weight and height were measured.
Outcome Measures
Data on pregnancy outcome were collected from the hospital maternity records or the general medical practitioners of the women. The obstetric records of all women with pre-existing or pregnancy-associated hypertension were examined to determine if the condition was chronic hypertension, PE or nonproteinuric gestational hypertension.
The definition of PE was that of the International Society for the Study of Hypertension in Pregnancy [15] . The systolic blood pressure should be 140 mm Hg or more and/or the diastolic blood pressure should be 90 mm Hg or more on at least two occasions 4 h apart developing after 20 weeks of gestation in previously normotensive women, and there should be proteinuria of 300 mg or more in 24 h or two readings of at least ++ on dipstick analysis of midstream or catheter urine specimens if no 24-hour collection is available. In PE superimposed on chronic hypertension, significant proteinuria (as defined above) should develop after 20 weeks of gestation in women with known chronic hypertension (history of hypertension before conception or the presence of hypertension at the booking visit before 20 weeks of gestation in the absence of trophoblastic disease). The definition of small for gestational age was birth weight below the 5th percentile for gestational age of a reference range derived from our population [16] .
Statistical Analysis
The new approach for early screening for PE was based on a survival time model for the time of delivery for PE. Bayes' theorem was used to combine the prior information from maternal characteristics with biomarker multiple of the median (MoM) values. We used a competing risk model [9, 17] .
The distribution of gestational age at delivery with PE was defined by two components: firstly, the prior distribution based on maternal characteristics [9] and secondly, the distribution of MoM biomarker values with gestational age in pregnancies affected by PE. The values of uterine artery PI, MAP, PAPP-A and PLGF were log 10 -transformed to make their distribution Gaussian. Each measured value in the unaffected and PE pregnancies was expressed as a multiple of the normal median (MoM) after adjustment for those characteristics were found to provide a substantial contribution to the log-transformed value [9, 14, 18] . In the PE group, regression analysis was used to determine the relationship between log 10 MoM marker values and gestational age at delivery.
In the estimation of performance of screening, the values of uterine artery PI, MAP, PAPP-A and PLGF in the whole screened population were simulated based on the mean and SD of the log 10 -transformed marker values in the unaffected and PE pregnancies. In the PE group, the mean and SD values used for simulation were specific for each gestational week at delivery, which were estimated from the regression analysis of the log 10 MoM values of available data with gestational age at delivery.
Results
Characteristics of the Study Population
First-trimester combined screening for aneuploidies was carried out in 65,960 singleton pregnancies. We excluded 7,076 cases because they had missing outcome data (n = 2,133), the pregnancies resulted in miscarriage, termination or the birth of babies with major defects (n = 1,775) or the birth of small for gestational age neonates in the absence of PE (n = 3,168).
In the remaining 58,884 cases, there were 1,426 (2.4%) that developed PE and 57,458 that were unaffected by PE. Serum PAPP-A was available in all cases. Uterine artery PI was available in 45,885 of the 58,884 pregnancies, including 1,245 (2.7%) that developed PE; MAP was available in 35,215 of the 58,884 pregnancies, including 979 (2.8%) that developed PE; and serum PLGF was available in 14,252 of the 58,884 pregnancies, including 385 (2.7%) that developed PE.
The maternal characteristics and history in the PE and unaffected pregnancies in the screening population were previously reported [9] . In the PE group, compared to unaffected pregnancies, there was a higher mean maternal weight and prevalence of Afro-Caribbean racial origin, family and personal history of PE, chronic hypertension, diabetes mellitus and systemic lupus erythematosus or antiphospholipid syndrome, and a lower prevalence of cigarette smokers. 
Gestational Age at Delivery with PE Given Maternal Characteristics
We have previously reported a Gaussian regression model for the gestational age at delivery of pregnancies with PE and the effect on this gestation of variables from maternal demographic characteristics, medical and obstetric history [9] . In this model, which assumes that if the pregnancy was to continue indefinitely all women would develop PE, the mean gestational age for delivery with PE was 55 weeks with an estimated SD of 7.11 weeks. Certain variables, including advancing maternal age over 30 years, increasing weight, Afro-Caribbean and South Asian racial origin, previous pregnancy with PE, conception by in vitro fertilization and a medical history of chronic hypertension, type 2 diabetes mellitus and systemic lupus erythematosus or antiphospholipid syndrome increase the risk for development of PE. The consequence of this increased risk was a shift to the left of the Gaussian distribution of the gestational age at delivery with PE.
Distribution of Biomarkers in Pregnancies with PE
In pregnancies with PE there was an inverse correlation between MoM values of uterine artery PI and MAP with gestational age at delivery [9] .
Similarly, there was a significant correlation between PAPP-A MoM and PLGF MoM with gestational age at delivery in PE ( fig. 1 , 2 ) . The fitted regression models for log 10 MoM values on gestational age at delivery are presented in table 1 and the estimated parameters for the assumed multivariate Gaussian distributions for log MoM values are given in table 2 .
Performance of Screening for PE
Estimated detection rates of PE requiring delivery before 34, 37 and 42 weeks' gestation, at false-positive rates of 5 and 10% in screening by maternal factors, uterine artery PI, MAP, serum PAPP-A, PLGF and their combination are given in table 3 . Table 4 compares the expected and observed number of cases according to the estimated risk range. Table 5 shows the performance of screening for PE requiring delivery be- fore 37 weeks' gestation by maternal factors, uterine artery PI, MAP, serum PAPP-A and serum PLGF at a risk cutoff of 1: 65 in women of Caucasian and Afro-Caribbean racial origin and according to obstetric history. In women of Afro-Caribbean racial origin compared to Caucasians, and in nulliparous compared to parous women, both the falsepositive rate and detection rates for PE are higher.
Discussion
This study has established a new approach for early screening for PE by a combination of maternal characteristics and history with biophysical and biochemical markers. In this approach, which is based on a survival time model, the gestation at the time of delivery for PE is treated as a continuous rather than categorical variable. As demonstrated by the MoM values of uterine artery PI, MAP and serum PAPP-A, and PLGF in pregnancies with PE, the distribution with gestational age is linear. Consequently, PE could be considered as a single pathophysiological entity with a wide spectrum of severity manifested in gestational age at which delivery becomes necessary for maternal and/or fetal indications. The major advantage of the new model, compared to our previous models [7, 8] , is that it offers the option to clinicians and researchers to select their own gestational age cutoff to define the high-risk group that could potentially benefit from therapeutic interventions starting from the first trimester of pregnancy [4] [5] [6] .
The data on maternal characteristics and the biophysical markers were reported previously [9] and the algorithm presented in this study incorporates the biochemical markers of serum PAPP-A and PLGF. In early biochemical screening for PE, several biochemical markers have been proposed, including maternal serum or plasma levels of soluble endoglin, inhibin-A, activin-A, pentraxin-3 and P-selectin, which are increased, and PAPP-A, PLGF and placental protein-13, which are decreased [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . These markers are thought to be involved in placentation or in the cascade of events leading from impaired placentation to development of clinical symptoms of PE. In this study we examined only PAPP-A and PLGF because these are the only two that have been investigated extensively in screening for PE; they have both been shown to be useful in screening for aneuploidies [14, 18] and they are now part of the platform of automated machines that provide reproducible results within 30-40 min of sampling. The findings demonstrate that in first-trimester screening for PE, the performance of the test is better for early-rather than late-onset disease. This is particularly important because the objective of early screening is to identify the high-risk group that may benefit from therapeutic interventions that reduce the prevalence of PE. The prophylactic use of low-dose aspirin starting before 16 weeks' gestation is particularly effective in the prevention of preterm rather than term PE [5] . In screening for PE requiring delivery before 34 weeks, the detection rate, at a 10% false-positive rate, was about 50% by maternal characteristics, and this was improved to about 90% by the addition of biophysical markers and to about 75% by the addition of biochemical markers. The detection rate improved to more than 95% in screening by an algorithm combining maternal factors, biophysical markers and biochemical markers.
The new algorithm provides accurate patient-specific risks, and in each range of estimated risks for PE by combined screening there was in general good agreement between the expected and observed number of affected pregnancies. The false-positive rate and detection rates of PE are influenced by the characteristics of the study population, and for a given risk cutoff they are both higher in nulliparous than in parous women and in those of AfroCaribbean rather than Caucasian racial origin. Consequently, comparison of the performance of screening using these algorithms between studies requires the appropriate adjustments for the characteristics of the population under investigation.
